Nodulation genes IromRhizobium leguminosarum have been subcloned and transferred to a strain of R. phaseoli with its symbiotic plasmid deleted (and therefore its nodulation and nitrogen fixation genes). Normal infection and nodule development occurred when these strains were added to the roots of Pisum sativum (peas) and Vicia hirsuta. The pea nodules were examined by electron microscopy; bacteroid forms were seen surrounded by peribacteroid membranes and using immuno-gold labelling it was shown that the nodule cells contained leghaemoglobin within the cytoplasm. By subcloning and analysing the nodulation region it was found that a small (3-2 X 103 bases) fragment of DNA contained three genes involved in root hair curling, the first observed step in the interaction between R. leguminosarum and the root hair cells of these legumes.
INTRODUCTION
As described by Robertson et al. (1985, this volume) the overall process of nodula tion of leguminous plants by Rhizobium can be described in terms of an interaction between the cell surfaces of two very different organisms. This programme of joint and complex differentiation extends from the early stages of infection through to the mature nitrogen-fixing root nodule and even at this stage the bacteria can be con sidered to be topologically outside the plant nodule cells. It is self-evident that bacteria of the genus Rhizobium have genes that are specifically required for the induction of nodules, but within the rhizobia there is a level of specificity that limits the number of plant species nodulated by any one species of Rhizobium. This specificity may occur at two stages at least: in some cases plants inoculated with a heterologous species of Rhizobium do not form nodules (e.g. R. meliloti does not nodulate peas); in other cases nodules can be induced but do not fix nitrogen (e.g. R. leguminosarum forms non fixing nodules on subterranean clover). At present we do not understand the biochemistry of the interaction of rhizobia with legumes, but there has been sig nificant progress in the identification of the bacterial genes involved in the initial steps of this interaction. In this paper we will describe the genetic approach that has been used to elucidate the early steps involved in the nodulation of peas or Vicia hirsuta by R. leguminosarum; for a more general review of the genetics of nodulation in Rhizobium, see Long (1984) .
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NODULATION GENES OF R. LEGUMINOSARUM ARE ON PLASMIDS
It has been established by both physical and genetic methods that in the fastgrowing species of Rhizobium large indigenous plasmids carry the nitrogen fixation and nodulation genes (see Long, 1984) . One such 'symbiotic' plasmid, pRLlJI, has been studied extensively in this laboratory and was shown to confer the ability to nodulate peas upon strains of R. trifoli and R.phaseoli (Johnston et al. 1978) . Mutant strains of R. leguminosarum (and R. trifolii and R. phaseoli) have been isolated that have lost their symbiotic plasmid and all have lost the ability to form nodules or to induce any of the early steps such as root hair curling. Such strains, 'cured' of their symbiotic plasmids should provide ideal material for testing whether particular assayable biochemical functions that have been proposed to be important for nodulation have been lost along with the plasmid. Thus, for example, several strains have been examined with regard to production of plant growth hormones (Badenoch-Jones et al. 1982; Wang, Wood & Brewin, 1982a,b) , pectinases and cellulases. To date such studies have been unsuccessful; the phenotypes of the mutants have been identical to those of the parent strains.
These cured strains of Rhizobium have been used in genetic studies to show that the particular host range of a given strain is specified by its symbiotic plasmid. Using strains of Rhizobium with their symbiotic plasmids deleted it is possible to construct a series of strains that have an identical chromosomal genome but differ only in that they have inherited a symbiotic plasmid specific for R. leguminosarum, R. phaseoli or R. trifolii (Brewin et al. 1982; Lamb, Hombrecher & Johnston, 1982; Djordjevic, Zurkowski, Shine & Rolfe, 1983) . In each case normal nitrogen-fixing nodules have been formed on the appropriate host. However, it does not appear that the genetic background of the recipient strain is also important in determining normal phenotypic expression of the introduced plasmid since a strain of Agrobacterium tumefaciens containing a symbiotic plasmid from R. trifolii formed aberrant nodules on clover (Hooykaas et al. 1981) .
The basis of the genetic and biochemical nature of host specificity may be understood by comparison with otherwise isogenic strains of Rhizobium that can nodulate different host legumes. One such comparison studied recently involves the comparison of two strains of R. leguminosarum, only one of which can nodulate the primitive pea cultivar Afghanistan. This host is not nodulated by conventional strains of R. leguminosarum from Western Europe or North America. However, a strain called TOM from Turkey can nodulate this primitive pea in addition to commercial pea cultivars (Lie, 1978) . Strain TOM contains symbiotic plasmid, pRL5JI, which when transferred to conventional R. leguminosarum strains, conferred upon the recipient strain the extra ability to nodulate cv. Afghanistan peas (Brewin, Beringer & Johnston, 1980) . One attractive feature of this system is that the genetics of the 'resistance' to nodulation is determined by a single recessive gene in cv. Afghanistan, and it is therefore possible to study this aspect of host range using a genetic approach in both R. leguminosarum and the plant host (Holl, 1975) .
Nodulation genes from Rhizobium 349
Although symbiotic plasmids in different Rhizobium species determine the par ticular host range of the strain, it is now clear that certain nodulation genes are functionally equivalent in Rhizobium species with different host ranges. This was first shown by Banfalvi et al. (1981) , who transferred the R. leguminosarum symbiotic plasmid pRLlJI into non-nodulating mutant strains of R. meliloti. The resulting transconjugants regained the ability to nodulate alfafa, although the introduced sym biotic plasmid came from a species that nodulates peas. This functional equivalence is reflected in the striking similarity in the DNA sequences of certain nod genes found in R. leguminosarum and R. meliloti (see below).
One further point to emerge from studies in which a symbiotic plasmid is trans ferred from one species of Rhizobium to another, is that in the 'hybrid' the presence of one symbiotic plasmid can prevent the phenotypic expression of the host range specified by the other. When the R. leguminosarum plasmid pRLlJI was transferred to a strain of R. phaseoli, the transconjugants could maintain both symbiotic plasmids through many generations. When the bacteria containing both plasmids were inoculated onto peas, nodules were formed but, significantly, the bacteria isolated from such pea nodules had, without exception, either lost the resident R. phaseoli symbiotic plasmid entirely or there were large deletions in that plasmid (Beynon, Beringer & Johnston 1980; A. W. B. Johnston, unpublished observations). Thus it would appear that the presence of the resident R. phaseoli symbiotic plasmid prevented the functional expression of pRLlJI, the R. leguminosarum symbiotic plasmid. It is not clear if this phenomenon is due to actual repression of the R. leguminosarum nodulation genes mediated by the R. phaseoli symbiotic plasmid. Alternatively, it is possible that these 'hybrid' strains express host-range determinants for the infection of both peas and Phaseolus beans; however, in this model the production of the biochemical determinants normally required for development of Phaseolus bean nodules would cause the infections on pea roots to abort. Therefore, there would be selection for those strains that had lost the Phaseolus bean nodulation determinants. (a ) and V. hirsuta (b ,c) were examined as described by Fahraeus (1957) by light microscopy using Nomarski optics. In a and B, roots were inoculated with Rhizobium strain 8401 containing p lj 1089 and inB an infection thread can be observed in the rightmost root hair. In c, the roots were inoculated with Rhizobium strain 8401 containing p lj 1389 and root hair deformation can be seen, a and c, x 160; b , x 320.
It is clear from these studies on Rhizobium plasmids that several plasmid-borne genes exist that are involved in the formation of nodules: some of these genes appear to be common to different Rhizobium species, some genes are specific for the types of host plants to be nodulated and others may in some way regulate or block the ex pression of nodulation-specific determinants. In the following section we will outline current approaches in the molecular biology of Rhizobium, which are aimed at defin ing these genes. In particular we will focus on genes that are specifically involved in root hair curling, the first observed step in the interaction between/?, leguminosarum and its legume hosts.
CLONING THE NODULATION AND HOST-RANGE GENES
With the advent of cloning vectors that are transmissible from Escherichia coli to Rhizobium (Bagdasarian et al. 1981; Friedman et al. 1982 ) the genetic and physical analysis of the nodulation genes has been greatly facilitated. Coupled with the use of transposons as mutagens, nodulation-specific genes have been identified and the corresponding wild-type DNA cloned and analysed. The nodulation genes from a strain of R leguminosai~um were cloned on a broad host-range plasmid and shown to be able to confer upon a strain of R. phaseoli (strain 8401) cured of its symbiotic plasmid, the ability to nodulate peas (Downie et al. 1983a) . As shown in Fig. 1 , two clones (called pi J 1085 and pi J 1089) were identified and these contained only about 104 base-pairs of DNA in common; within this 104-base-pair region of DNA the nodulation genes have been identified.
It appeared that the initial events of infection and nodulation occurred normally in plants inoculated with Rhizobium strain 8401 containing p lj 1085 or p lj 1089. shows a normal curled root hair formed on pea roots by the strain of Rhizobium containing plasmid p lj 1089. The development of a normal infection thread on the roots of V. hirsuta is shown in Fig. 2b and nodules on peas or V. hirsuta were formed at about the same frequency as with the wild-type strain. However, since the Rhizobium strain 8401 was cured for its symbiotic plasmid (and therefore had lost genes involved in nitrogen fixation) and pi J 1089 lacks several fix genes (Downie et al. 1983b ) the nodules formed did not fix nitrogen. Nevertheless, the release of bacteria from the infection thread appeared to be normal and bacteroid forms were found to be enclosed within the peribacteroid membrane (Fig. 3) . The major dif ference in these nodules at the ultrastructural level was that they accumulated starch granules and senesced early, within about 7 days of formation of the nodules (Downie et al. 1983a) . Early in the development of the nodules induced by strain 8401 contain ing pIJ1085 or pIJ1089 they were observed to be slightly pink indicating that the plant-encoded nodulin, leghaemoglobin, may be present. Spectrophotometric analysis of extracts of these nodules confirmed that leghaemoglobin was present although at only about 40% of the normal level. The presence and normal location of leghaemoglobin in nodules induced by strain 8401 containing plj 1085 or plj 1089 was confirmed by immuno-gold labelling (Robertson et al. 1984) of thin sections of nodules fixed with glutaraldehyde and embedded in LR white resin. As shown in Fig.  3 , the leghaemoglobin is confined to the plant cell cytoplasm, as has been observed previously by Robertson et al. (1984) . For all the complexity of the nodulation process, it is now clear that relatively few genes in the symbiotic plasmid of R. leguminosarum are required for host-range specificity, development of nodules and bacteroids and the induction of at least some plant-encoded nodulins. Clustering of nodulation genes has also been found in other Rhizobium species. Thus, transfer of a relatively small region (1-4 X 104 base-pairs) of the symbiotic plasmid of R. trifolii to other species allowed the transconjugants to nodulate clover (Schofield et al. 1984 ).
ROOT HAIR CURLING GENES
As seen above, the nodulation genes of pRLlJI were located within a 104-base-pair region of the symbiotic plasmid, which was defined by the overlap between recom binant plasmids plj 1085 and pIJ1089. We have concentrated on characterizing the genes that are required for root hair curling, one of the first observable steps in the infection process. This 10+-base-pair nodulation region of pRLlJI comprises two adjacent iscoRI fragments of 6-6 and 3-2 X 103 base-pairs (Fig. 1) . Each of these was separately cloned in the wide host-range cloning vector pKT230 and introduced into the strain of Rhizobium that lacked its native symbiotic plasmid. The strain containing the cloned 6-6 X 103 base-pair fragment (pIJ1216) was capable of inducing root hair curling on peas but true nodules were not formed. Thecloned3-2 X 103 base-pair £coRI fragment induced no root hair deformation on peas. The finding that the 6-6 X 103 base-pair iscoRI fragment contained the root hair curling genes was consistent with other studies in which it was found that Tn5 mutations, which abolished the ability to nodulate and to curl root hairs were located within this 6-6 X 103 base-pair fragment (Downie et al. 1983a) . From this region a 3-2 X 103 base-pair Bgl\\-EcoY!A fragment was subcloned (Fig. 1) into the vector pKT230 to form plasmid plj 1389. When this plasmid was transferred to the strain olR.phaseoli cured of its symbiotic plasmid, the resulting transconjugant acquired the ability to induce root hair curling/deformation on peas (Fig. 2c) .
Therefore, it seems probable that very few genes are involved in this initial step in the interaction of Rhizobium with its host plant. In order to define the genes involved, the region of DNA on plj 1389 was sequenced and three genes were identified (Rossen, Johnston & Downieb1984) . These genes were called nodA, nodB and nodC and the extent of these genes is indicated in Fig. 1 . In parallel with these studies in R. leguminosarum, similar work has been carried out with R. meliloti nod genes and three similar genes have been identified by DNA sequencing (Torok et al. 1984 ). It appears that these genes are highly conserved between different species of Rhizobium and can be considered to be at least some of the common nodulation genes.
Thus at this stage we have a very detailed picture of the Rhizobium genes required for root hair curling. This information does not by itself lead to a further understand ing of the mechanism of induction of root hair curling by Rhizobium, but an analysis of the mode of action of these gene products should give a considerable insight into the mechanism of the induced plant response.
